One of the advantages of speech synthesis based on the vocal tract shapes is flexibility in speech sounds depending on the articulatory parameters. In order to take advantage of the flexibility, preparing various vocal tract shapes is important. To achieve this, this paper describes the development of a vocal tract design tool based on a growth curve of the vocal tract length reported by literature. In this tool, the growth curve is used to calculate the size of the vocal tract. A user can obtain a vocal tract shape depending on the age and sex using a slide button on the interface window. The parameters that describe vocal tract shape and vocal folds are used to produce vowel sounds and their formant frequencies are obtained. According to literature, there is a relationship between the fundamental frequency and formant frequencies through the age. We compared the formant frequencies calculated from the tool with those estimated from the literature. The comparison showed that the calculated formant frequencies were in relatively good agreement with the estimated ones. In addition, the distribution of the first and second formant frequencies showed a typical distribution.
INTRODUCTION
A speech synthesis method that simulates speech production process: generation of sound source, articulation and radiation has a potential to produce human-like speech sounds. One of the advantages in this method is a flexibility that makes it possible to generate the variety of synthesized speech sounds taken into account parameters of sex and age. However, in order to take advantage of this flexibility, preparing various vocal tract data files which have vocal tract shape parameters is important. This paper describes the development of a vocal tract design tool based on a growth curve of a vocal tract length reported in literature [1] . This tool is a kind of a vocal tract design system which has been developed in our laboratory. A user can generate pseudo-vocal tract shapes corresponding to ages ranging from birth to 19-year-old in this tool after reading a vocal tract data file of a 20-year-old speaker into a vocal tract design system. Also, it is possible to synthesize speech sounds after reading both a vocal tract data file and a vocal-fold parameter setting file into a speech synthesis system [2] . This paper examines formant frequencies of synthesized speech sounds obtained from this tool.
VOCAL TRACT DESIGN SYSTEM
A speech synthesis method that simulates speech production process is expected to the flexibility that makes it possible to generate synthesized speech sounds at the variety of speakers such as children or adults. A speech synthesis system which has been developed in our laboratory allows the generation of speech sounds. In this system, a vocal tract is modeled as 20 acoustic tubes. However, setting the various parameters of the vocal tract shape becomes complex to realize this flexibility. In order to overcome the complexity, the vocal tract design system has been developed as a graphical user interface (GUI): a user can easily set parameters of the vocal tract shape. This section shows an overview of the vocal tract design system. Figure 1 shows the relationship between the speech synthesis system and the vocal tract design system to be developed in this paper. The speech synthesis system is based on the speech production model by Sondhi and Schroeter [3] . The aim of the vocal tract design system is to configure an intended vocal tract shape after loading a vocal tract data file as an initial data. Figure 2 shows a snapshot of the display window of the vocal tract design system developed in this paper. The lower part of the window shows control buttons, sliders, and spin buttons to modify the vocal tract shape. The bottom of the lower part shows a vocal tract design tool that allows us to configure the vocal tract shape depending on sex, age, and vowel by user's request. In this tool, the change in the vocal tract parameters such as the vocal tract length and the areas of acoustic tube segments is determined from a growth curve of the vocal tract length reported in literature [1] . In this paper, we focus on the development of the vocal tract design tool and its validity. 
Functions of the Vocal Tract Design System

Vocal Tract Design Tool
We have developed a vocal tract design tool taken into account parameters of sex and age as one of the functions in the vocal tract design system. This tool allows the various setting of parameters of the vocal tract shape. The purpose is to produce pseudo-vocal tract shapes with age by utilizing this tool. This section explains the way of utilizing this tool and a growth curve data of the vocal tract length used during development of this tool.
Overview of the Vocal Tract Design Tool
This tool shown in Figure 2 (b) allows the generation of vocal tract data files ranged from birth to 19-year-old from a data file at 20-year-old after selecting sex, five Japanese vowels and moving a slider or a radio button corresponding to an intended age. This tool has been developed by using a growth curve data of a vocal tract length [1] . A growth curve data shows vocal tract lengths ranged from birth to 19-year-old. In our study, the value at 20-year-old in this data is estimated from some reported literature. The estimate method is shown in the next subsection. Table 1 shows both the values of a vocal tract length at each age in a growth curve and the ratio of values at each age to a value at 20-year-old. Figure 3 shows the change in a vocal tract length as a function of the age which was read from a growth curve data. The 20-year-old vocal tract data file changes to the data file at each age in response to changes in the ratio shown in Table 1 . Also, this tool is able to generate the data file which has both vocal tract length and areas parameters at each age. However, a growth curve of the vocal tract length is shown in literature (1). Therefore, we assumed that change in the diameter of each acoustic tube follows the tendency with the growth curve of the vocal tract length. In addition, although the proportion of oral cavity to pharynx changes with age, it is reported that the difference in formant frequencies between children and adults is determined by almost overall vocal tract length especially for vowel /a/ [4] . Therefore, we determined that the ratio changes proportionally. 
Estimate of the Values at 20-year-old in a Growth Curve
As described above, the vocal tract design tool has been developed based on a growth curve data of the vocal tract length. The growth curve data shows vocal tract lengths ranging from birth to 19-year-old [1] . Therefore, we estimated the value of the vocal tract length at 20-year-old. This section shows a method for estimating the value. This value was estimated by using Eq. (1) which is proposed by Kasuya et al. [4] . 
where l 0 is the value of the vocal tract length at a specific age, L is the value of the vocal tract length of 20-yearold speaker, "1+r" is the averaged ratio of formant frequencies (F 1 , F 2 , F 3 ) at a specific age to those of an adult. This equation estimates a vocal tract length from the developmental formant data for vowel /a/.
First of all, we verified the reliability of this equation by comparing with the result reported in literature. Tuner et al. [5] reported the result of the estimated vocal tract length (VTL) from the developmental formant data of Huber et al. [6] by using the VTL estimation algorithm. The vocal tract lengths inferred from the study by Huber lengths measured by Fitch and Giedd [7] were compared. The report [5] described that the correspondence was surprisingly good. We compared the estimated vocal tract length of Tuner et al. with the result estimated by applying Eq. (1) to the developmental formant data of Huber et al. [6] . As the comparative result showed almost good agreement, we concluded that Eq. (1) has reliability as a method which can estimate the vocal tract length from the formant data. Next, we estimated the value at 20-year-old in a growth curve by applying both the developmental formant data of Huber et al. [6] and values at each age in a growth curve to Eq. (1). Tables 2 and 3 show the estimated results for male and female. The second column shows the vocal tract lengths based on [1] , the third column shows estimated values at 20-year-old from each age through Eq. (1) and their mean value is shown in the fourth column. The standard deviations of the estimated values in the third column in Tables 2 and 3 were 0.37 and 0.34 for male and female, respectively. These small standard deviations suggest the reliability of Eq. (1) regarding the development of the vocal tract length. 
DISCUSSION OF THE VALIDITY
We adjust a vocal tract date by utilizing a vocal tract design tool. The purpose of this experiment is generating synthesized speech sounds for male and female at each of eight age bins (4, 6, 8, 10, 12, 14, 16 and 18) from a vocal tract data file assumed to be a file for a 20-year-old speaker. Then, the synthesized speech sounds were generated after setting vocal-fold tension (Q) at each age in the speech synthesis system. We compared formant frequencies calculated from synthesized speech sounds with results reported by literature in order to discuss whether the adjustments were appropriate.
Generation of Vocal Tract Data Files at Each Age
Vocal tract data files for male and female at each of eight age bins (4, 6, 8, 10 , 12, 14, 16 and 18) were generated from vocal tract data files of a 20-year-old speaker in a typical Japanese vowel such as /a/, /i/ and /e/ by utilizing the vocal tract design tool. Then, vocal tract data files of a 20-year-old male speaker were obtained from an averaging method [8] . In addition, vocal tract data files of a 20-year-old female speaker were generated from the data files of a 20-year-old male speaker.
Setting of Vocal-fold Tension (Q) at Each Age
Not only vocal tract shape parameters but also vocal-fold parameters are necessary to synthesize the speech sounds for female and male with age. Among many vocal-fold parameters, mainly, the vocal-fold tension (Q) affects the fundamental frequency. Table 4 shows the relationship between the fundamental frequency (F0) and the vocalfold tension (Q) in our system. The developmental fundamental frequency data for female and male are reported in [6] and their values (F0) are shown in Table 5 . The corresponding Q values obtained from the relationship in Table 4 are shown in Table 5 . Table 5 shows Q values obtained from comparing this fundamental frequencies data with the values shown in Table 4 . Q values shown in Table 5 are used when setting Q values at each age in a speech synthesis system. 
where, a and b are the constant coefficients. Eq.(2) allows the estimate of formant frequencies at each age by assigning the fundamental frequency data shown in Table 5 to this equation. Table 6 shows the estimated values calculated from Eq.(2). In the next section, we discuss the similarities and differences between these estimated values and the calculated values from the vocal tract shapes obtained from the vocal tract design tool shown in Figure 2 . 
RESULTS OF SYNTHESIZED SPEECH SOUNDS
In this section, we evaluate the vocal tract design tool by comparing the calculated values obtained from this tool with the estimated values shown in Table 6 and plotting the calculated values on a F 1 -F 2 map. Figure 4 shows a comparison result of formant frequencies Fi (i = 1, 2, 3) calculated from the vocal tract design tool and ones estimated from Eq. (2) for vowel /a/. The calculated F 3 values for female are lower than the estimated one for the age ranging from 10 to 20-year-old. However, the calculated values and estimated values have a similar tendency that the values are almost no difference between male and female during childhood and gradually become larger with increasing ages over 10-year-old. Also, the comparison results for not only vowel /a/ but also other vowels showed a similar tendency. Plot of the Calculated Values on a F 1 -F 2 Map Figure 6 shows the result of plotting the calculated values obtained from the vocal tract design tool on a F 1 -F 2 map for vowel /a/, /i/ and /e/. This distribution is close to that reported in literature [4] . 
Comparison of Formant Frequency
CONCLUSION
This paper focused on the development of a vocal tract design tool based on a growth curve of the vocal tract length and its validity. In order to discuss the validity, we compared formant frequencies at each age bins (4, 6, 8, 10, 12, 14, 16, 18 and 20) obtained from this tool with the results reported in literature. The comparison result between the calculated values obtained from this tool and the estimated values based on literature showed a similar tendency that the values have almost no difference between male and female during childhood and gradually become larger with increase of age over 10-year-old. In addition, the result of plotting the calculated values from the vocal tract design tool on a F 1 -F 2 map are in relatively good agreement with a typical F 1 -F 2 distribution reported in literature for vowel /a/, /i/ and /e/.
